In case of thin-film solar cells it is often rather difficult to determine what the dominant recombination mechanism is. In particular it is difficult to distinguish recombination at the interface between the absorber layer and the electrodes (typically called surface recombination) from recombination in the bulk of the absorber -or in case of organic solar cells at the internal donor-acceptor interfaces. Here, we suggest a method to distinguish surface and bulk recombination in thin-film solar cells based on the thickness dependence of the saturation current density, which we derive from the open-circuit voltage and the photocurrent at short circuit or reverse bias. By means of numerical simulations, we show that surface and bulk recombination currents scale differently with thickness assuming the material properties to be unchanged. We test our predictions on a range of organic solar cell data from our laboratory and from literature and show that in the field of organic photovoltaics the whole range of cases, from mostly surface limited to purely bulk limited, is observed. J 0 J 0,B J 0,S 10 (a) J 0 d J 0,S J 0,B direct recombination SRH recombination (b) d J 0 J 0,B J 0,S (c) sat. current density J 0
Non-geminate recombination is of relevance for any solar cell technology because it is the main factor that determines the open-circuit voltage [1] [2] [3] [4] [5] [6] . In many thin-film solar cells, nongeminate recombination might also substantially affect charge collection and therefore the solar cell fill factor and short circuit current [7] [8] [9] [10] [11] . Thus, identification of the main sources of the non-geminate recombination loss for a given device is of high general interest for the field of photovoltaics. In many cases, it may be possible to identify the dominant recombination mechanism, i.e. Shockley-Read-Hall, radiative or Auger, from an analysis of luminescence yield 12 , luminescence transients 13, 14 , ideality factor [15] [16] [17] [18] [19] , doping level 17, 20, 21 , and numerical simulations 22, 23 . However, distinguishing between recombination at the interface between absorber and electrodes (surface recombination) and recombination in the bulk of the absorber (bulk recombination) can be extremely challenging 24, 25 . In the case of crystalline silicon solar cells, surface recombination velocities can be derived from effective lifetimes measured on high quality floatzone wafers with extremely long bulk lifetimes 26, 27 . This is possible essentially because one assumes that the surface is limiting the lifetime of the whole system and because the mobilities of crystalline Si are so well known that diffusion to the surface can be easily taken into account 28 . In case of thin-film solar cells, and especially when dealing with new material systems such as organic or perovskite based absorbers, mobilities, electrostatics, and bulk lifetimes might not be sufficiently well known to be able to take their influence into account quantitatively such that surface properties can be extracted from measurements of the effective lifetime of the whole device. Thus, there is a clear need to deal with the question of how to at least determine whether surface or bulk recombination is more dominant.
Here, we propose a method, based on the thickness dependence of the saturation current density, to distinguish between surface and bulk recombination in organic solar cells. By means of numerical simulations, we show that the total recombination current scales differently in a device dominated by surface or bulk recombination allowing one to assign the dominant recombination mechanism of the solar cells under investigation either to the surface or the bulk. We test this approach on a range of data from our laboratory and from literature showing that in the field of organic photovoltaics a broad range of cases, from mostly surface limited to purely bulk limited, can be observed.
Surface and bulk recombination currents depend differently on the absorber layer thickness. This is a relatively trivial observation that is based on the fact that bulk recombination currents scale at a given recombination rate linearly with the thickness, while surface recombination should be either unaffected by thickness or even decrease in relevance.
The decrease in the contribution of surface recombination would be expected since the diffusion of charge carriers to the surface becomes less efficient the further away the surface is on average 28 . Thus, if material and interface properties, like the bulk lifetime and the surface recombination velocity, stay constant as a function of absorber layer thickness, we would expect the total recombination current to scale differently in a device dominated by surface recombination than in a device dominated by bulk recombination. therefore the total amount of charge carriers photogenerated is a strong and not always easy to predict function of absorber layer thickness, it is advisable to firstly disentangle the effects of generation and recombination. One way of doing this at open circuit is to equate the current densities gen J due to generation and J rec due to recombination. The current density due to recombination can be divided into an exponentially voltage dependent factor   kT qV oc exp and a voltage independent or weakly voltage dependent factor J 0 . One can then define the saturation current density J 0 via 29
where kT is the thermal energy, q is the elementary charge, V oc is the open-circuit voltage and V oc >> kT/q is assumed. In many cases, where solar cells collect charges efficiently at short circuit, the short-circuit current density J sc is already a good approximation for J gen . If this is not the case, J gen can be approximated by the photocurrent density 
where S na is the surface recombination velocity of electrons at the interface to the anode and S pc is the surface recombination velocity of holes at the interface to the cathode. The surface recombination velocities S na and S pc have to be multiplied with the excess electron concentration n a at the anode and the excess hole concentration p c at the cathode, respectively, to obtain the surface recombination rate per area. Multiplication with the elementary charge q finally yields the current density J rec,S . The bulk recombination current density can be obtained from an integral of the bulk recombination rate R over the depth of the absorber via
Here, x is the spatial position in the absorber layer of thickness d. In addition, we can use J rec,S and J rec,B to split up the saturation current density into two parts, namely
and Table S1 and S2 for simulation parameters). The thicknesses of glass, ITO, PEDOT:PSS, Ca,
and Al layers were set to 1 mm, 120 nm, 25 nm, 30 nm, and 150 nm respectively. Figures 1(a) and 1(c) show the case of direct recombination only, i.e. the bulk recombination rate is given by   In all cases the saturation current density J 0,B due to bulk recombination increases with thickness and its slope is 1 or higher. In contrast, the saturation current density J 0,S due to surface recombination decreases or remains constant with thickness.
In general, it can be observed that the saturation current density J 0,B due to bulk recombination is increasing with thickness and its slope dln(J 0,B )/dln(d) seems to be 1 or higher. In contrast, the saturation current density J 0,S due to surface recombination shows a more complicated behavior. For low thicknesses (d < 100 nm) and high surface recombination velocities S (Figs. 1(c) and 1(d) ), J 0,S decreases with thickness, i.e. dln(J 0,S )/dln(d) < 0. This is due to the fact that the transport of charge carriers to the surface limits surface recombination 31 and this transport is more efficient when the surface is close by, i.e at low thicknesses 28 . In contrast, if the surface recombination velocity is small (Figs. 1(a) and 1(b) ) the transport to the surface is efficient and recombination at the surface is the rate limiting step 31 . In this case, J 0,S is constant for small thicknesses.
For larger thicknesses (d > 400 nm), J 0,S increases with thickness because the optical generation is spatially inhomogeneous. At larger thicknesses, a large amount of photons will be absorbed close to the transparent front electrode that sees the light first. This will also create an inhomogeneous profile of charge carriers (even at open circuit) that will lead to increased recombination rates where the optical generation rates are higher. Because this occurs close to one of the contacts, surface recombination at this contact will become very important and lead to dln(J 0,S )/dln(d) > 0.
While there is a quantitative difference between direct ( Figs. 1(a) and (c)) and SRH recombination ( Figs. 1(b) and 1(d) ), the trends are qualitatively the same. Especially at higher thicknesses, SRH recombination allows J 0,B to scale superlinearly with thickness, while direct recombination typically leads to a slope dln(J 0,B )/dln(d) very close to 1 in all simulations we performed. Thus, it should be possible from studying J 0 as a function of thickness derived from experimental data to assign the dominant recombination mechanism either to the surface or the bulk (or internal interfaces in case of organic solar cells). In order to compare our simulations with experimental data, we chose organic solar cells as a model system. Organic solar cells are relatively easy to fabricate with various different device thicknesses and there is a large body of work available which can be analyzed with our method. blended with a 1:1 weight-ratio as reported in Ref. 33 the slope dln(J 0 )/dln(d) is negative at low thicknesses. This trend is similar to the one presented in Figure 1(c) where the surface recombination is so high that it is limited by the transport of charge carriers to the contacts.
Thus, it can be assumed that for these cells surface recombination is the dominant recombination mechanism. In this work we presented a method to distinguish between surface and bulk recombination in organic solar cells. This approach is based on the thickness dependence of the saturation current density which is derived from the open-circuit voltage and the photocurrent at short circuit or reverse bias. By means of numerical simulations, we showed that the bulk recombination current increases with thickness while for low thicknesses (d < 400 nm) the surface recombination current decreases or remains constant with thickness. This different scaling with thickness allows one to assign the dominant recombination mechanism of the solar cell under investigation either to the surface or the bulk. Finally, we checked our predictions on a range of experimental data from our laboratory and from literature showing that in the field of organic photovoltaics the whole range of cases, from mostly surface limited to purely bulk limited recombination, can be observed.
See supplementary materials for the experimental details and the simulation parameters.
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